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A B S T R A C T

This study aimed to use spatial uncertainty of magnetic susceptibility (MS) and clay content to improve soil-
mapping units. In an experimental area of 870 ha, a regular sampling grid containing 371 points was set, in
which MS and clay content were assessed at a depth range of 0–0.25 m. Using a digital elevation model and field
observations, a 4440-m transect was established on the study area from hilltop to the foothill, toward the
gentlest slope. Standard deviation maps based on 200 realizations of the sequential gaussian simulation mea-
sured spatial estimate uncertainties. To limit transition zones along the transect, uncertainty isolines re-
presentative of the transition between soil-mapping units were selected. Both attributes presented peaks of
uncertainties near the change of mapping units, previously known. Uncertainty zones, previously delineated,
ranged from 45 to 210 m and from 60 to 170 m, for MS and clay content, respectively. However, after extra-
polating the uncertainties to the side of the transect, amplitude changes of the uncertainty zones were observed,
especially in the transition regions between landscape shape and geology. Delineation of mapping units, which
incorporated the uncertainties of MS and clay content, was similar. However, due to lower cost and promptness,
MS becomes the most feasible alternative. Knowing spatial uncertainties enables readjusting limits in maps of
soil-mapping units and may support identification of most favorable regions for determining modal pedon re-
presentative of each unit.

1. Introduction

Pedological maps have great potential of contributing to increase
agricultural production (Grunwald et al., 2011; Brevik et al., 2016),
farming planning and modeling of environmental impacts (Rogowski
and Wolf, 1994). However, potential limitations may hamper or even
preclude the use, such as: (i) subjectivity, since the delimitations of
limits of the mapped units depend on the experience and impressions of
the mapper (Bazaglia Filho et al., 2013); (ii) lack of representation of
the spatial and temporal variability patterns of soil attributes
(Rogowski and Wolf, 1994); (iii) definition of arbitrary limits for dis-
tinguishing between different soil units (Phillips, 2013); and (iv) lack of
detail due to scale of information (Sarmento et al., 2017).

Bazaglia Filho et al. (2013), comparing soil mapping units per-
formed by different mappers, observed a great influence of performer
on delimitation of soil management units, mainly in their limits. Studies
conducted in the area of soil digital mapping (Nanni et al., 2014) also
show difficulty in the accurate mapping of soil transitions. This in-
accuracy in the limits of soil maps are the result of using the criteria
established by the classification key, leading to the distinction between
soils with similar behaviors and the combination of others with dif-
ferent behaviors (Phillips, 2013).

Some methods attempt to overcome these problems through the
incorporation of the spatial variability of soil attributes (Siqueira et al.,
2015) using hybrid mapping techniques (Legros, 2006; Vincent et al.,
2018; Teixeira et al., 2017). Such methods are typically tested using
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validations (Mirzaeitalarposhti et al., 2017; Hengl et al., 2017) and
error analysis (Cambule et al., 2014), providing only an overview of the
error associated with the mapping. In this sense, techniques that assess
and incorporate the uncertainties associated with information from soil
maps promote an advance in knowledge of mapping errors
(Castrignanò et al., 2008; Brevik et al., 2016). The identification and
determination of uncertainties can be performed directly on the map-
ping units using fuzzy logic (Zhu, 1997) and indicative simulation
techniques (Silva et al., 2015), or on soil attributes, especially by means
of geostatistical simulations (Grunwald et al., 2007; Castrignanò et al.,
2008; Teixeira et al., 2012; Viscarra-Rossel et al., 2014) and error
propagation techniques (Hengl et al., 2014).

The uncertainties determined in soil units are used to identify the
probability of certain class be correctly defined (Phillips, 2013). Its use
is difficult since it is necessary the knowledge of a great number of
modal pedons for its determination (Silva et al., 2015). In its turn, the
uncertainty in spatial assessment of soil attributes is used for identifying
sites that require increased number of samples (Teixeira et al., 2012),
constructing estimating scenarios (Grunwald et al., 2007), and pro-
viding an indirect measure of the estimate quality generated at each site
(Viscarra-Rossel et al., 2014). Despite the requirement for a great
number of samples, mainly to meet the principles of geostatistical
analysis (Isaaks and Srivastava, 1989), the sampling of soil attributes is
faster, simpler and cheaper than the pedon sampling. Therefore, for
soils with little vertical variation of diagnostic attributes or covariative
attributes to them, spatial uncertainty of attributes is proposed in de-
termining the uncertainty of mapping units and thus incorporate si-
multaneously the information about the spatial variability of soil at-
tributes into the generated map.

The definition of the attributes to be used in the identification of
uncertainties is of great importance. Silva et al. (2015) proposes the
uncertainty assessment for soil diagnostic attributes (color, texture
gradient, base saturation, clay and sand content and soil organic
carbon). For tropical soils, soil mineralogy and clay content have great
relationship with the taxonomic classes of soil (Costa et al., 1999) and
directly influence the definition of mapping units (Marques Jr. et al.,
2014; Siqueira et al., 2015). The magnetic susceptibility (MS) is cov-
ariative of factors and processes of soil formation, in addition to be
closely related to its mineralogy (Camargo et al., 2014; Sarmast et al.,
2017). The increasing use of MS is due to the simplicity and low cost in
its determination (Dearing, 1994) and high relation with soil physical,
chemical and mineralogical attributes (Siqueira et al., 2010). Thus, the
hypothesis of this research is that the incorporation of uncertainties of
soil attributes covariative of factors and processes of soil formation (MS
and clay content) can assist in delineating mapping units, as well as in
the readaptation of the limits between soil units, simultaneously in-
corporating information on spatial variability of soil attributes. In this
sense, the objective was to use the spatial uncertainty of MS and clay
content for improving soil-mapping units.

2. Materials and methods

2.1. Description of the area and sampling

The study area has central coordinates of 21°28′40″S and
48°01′38″W and is located in Guatapará city, São Paulo State, Brazil
(Fig. 1a). The local natural vegetation consisted of semideciduous tro-
pical forest. Currently, the area is cultivated with sugarcane under
mechanical harvesting system for over 10 years. According to
Thornthwaite (1948), the region's climate can be defined as B1rB′4a′,
i.e., a humid mesothermal climate with small water deficit and summer
evapotranspiration lower than 48% of the annual evapotranspiration.

The area is located in a geological transition between the Basalt of
the São Bento Group, Serra Geral Formation (SG), Eluvial-Colluvial
Deposit (ECD) and Alluvial Deposit (AD) (IPT, 1981; Geobank, 2014)
(Fig. 1b). The area presents concave (Cc) and convex (Cx) horizontal

curvatures (Fig. 1c). These curvatures were identified by the SRTM
information with horizontal resolution of 90 m and vertical precision of
the order of 5 m. Initially, a median filtering was used to remove values
with variation higher than 10 m and data interpolation using the TO-
POGRID tool, available in ArcGIS software, which is a routine based on
algorithm developed in Hutchinson (1989). From the interpolated data,
the geomorphometric signature (image of the horizontal curvature) was
generated. Subsequently, the signature values were normalized through
the division by the maximum value found producing values ranging
from −1 to 1. The negative values were considered as belonging to the
convergent curvature (concave) and the positive to the divergent cur-
vature (convex). For more details, see Vasconcelos et al. (2012).

According to the soil map (scale of 1:12,000) generated by the
Centro de Tecnologia Canavieira (Sugarcane Technology Center)
(Fig. 1d), the area registers five soil mapping units. These units are
classified according to the Sistema Brasileiro de Classificação de Solos
(SiBCS) (Santos et al., 2013) and Soil Taxonomy: LVAd (SiBCS: La-
tossolo Vermelho-Amarelo distrófico com textura media; Soil Taxonomy:
Typic Hapludox); LVd (SiBCS: Latossolo Vermelho distrófico com textura
media; Soil Taxonomy: Typic Hapludox); LVdf (SiBCS: Latossolo Ver-
melho distroférrico com textura argilosa; Soil Taxonomy: Typic Hap-
ludox); LVef (SiBSC: Latossolo Vermelho eutroférrico com textura argilosa;
Soil Taxonomy: Typic Eutrudox); RQod (SiBCS: Neossolo Quartzarênico
órtico distrófico com textura arenosa; Soil Taxonomy: Typic Quartzip-
samment).

In the experimental area was installed a regular sampling grid
containing 371 points separated at minimum distances ranging from
145 to 174 m, covering a total area of about 870 ha (Fig. 1e). The re-
sulting sampling density (0.4 samples ha−1) is in accordance with the
indication of the Procedimentos Normativos de Levantamentos Pedológicos
(Normative Procedures of Soil Surveys) (Embrapa, 1995). At each point
of the sampling grid, samples were collected within a depth range of
0–0.25 m for determining MS and clay content. This depth is used by
the São Paulo State sugarcane sector in determining soil management
(Teixeira et al., 2017). Thus, the protocol developed in this study can be
easily incorporated in this sector without require huge changes.

With the support of the digital elevation model and field observa-
tions, one transect of 4440 m was identified in the study area from the
top of hillside to the foothill, toward its most gentle slope (Fig. 1e). This
transect includes two geological classes, both curvatures and all pedo-
logical mapping units present in the area.

2.2. Laboratory analyses

The MS was determined in a low frequency (0.47 kHz) using 10 g of
air-dried soil in a Bartington MS2 equipment coupled to a Bartington
MS2B sensor (Dearing, 1994). The clay content was determined by the
pipette method, using NaOH 0.1 mol L−1 as a chemical dispersant and
mechanical agitation at low speed for 16 h (Embrapa, 1997).

2.3. Data analysis

2.3.1. Descriptive statistics
The variability of soil attributes was previously described by means

of the construction of boxplot graphics as a function of the geological,
geomorphological and pedological compartments. The boxplot graphics
present the values of minimum, maximum, first quartile (Q1), second
quartile (median), third quartile (Q3) and interquartile range (IR).
Values higher than Q3 + 1.5 × (Q3 − Q1) or lower than
Q1–1.5 × (Q3 − Q1) are considered outliers.

2.4. Geostatistical analysis

The spatial variability of the variables was determined using the
experimental variogram modeling based on the theory of regionalized
variables (Isaaks and Srivastava, 1989). In this study, spherical,
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exponential and gaussian models were tested. The choice of the model
and parameters adjusted to the experimental variogram was based on
the residual sum of squares (RSS), obtained during the adjustment of
the theoretical model to the experimental variogram.

After the experimental variogram modeling, the estimative of at-
tributes for locations not sampled was performed by means of se-
quential gaussian simulation (SGS). The SGS technique was adopted
due to its characteristics of honoring the sampled values, reproducing
histograms and variograms of the sample and allowing the assessment
of uncertainties of the spatial patterns estimates (Grunwald et al.,
2007).

For the simulation procedure, the data were previously normalized
(mean and variance equal to 0 and 1, respectively) due to the re-
quirement of multigaussian distribution of the data. After normal-
ization, the experimental variograms were modeled in the transformed
variables (dimensionless). Subsequently, a random way able to go
through all unsampled points of the refined mesh was determined.
Local estimates of value and variance were performed by simple kri-
ging, aiming the construction of the cumulative distribution function
(cdf). From the cdf, considering the original neighbor values and those
previously simulated, values were estimated at each point of the sam-
pling grid. After determination of simulated values at all points in a
more refined grid, the original values underwent back-transformation.
Thus, the procedure was repeated until all realizations be conducted. In
this study, 200 realizations of each variable were considered. The SGS
procedure was based on the SGSIM routine of the Geostatistical
Software Library (Deutsch and Journel, 1998).

The maps produced by SSG were generated from a refined mesh
with 128 lines × 109 columns, resulting in a spatial resolution of 30 m.
Maps of mean values (E-type estimates) and standard deviation were
estimated from the accounting of simulated points at each location in
the 200 realizations. The maps of mean values show the prevailing
tendency of the attribute values in the study area as the maps of stan-
dard deviation represent the uncertainty present in the spatial estimates
(Grunwald et al., 2007).

2.5. Definition of the transition zones between mapping units

The definition of transition zones to improve the limits of mapping
units was determined based on the uncertainties of the spatial estimates
of MS and clay content in locations corresponding to the transect pre-
viously demarcated (Fig. 1e). Geomorphologically, the transect is the
part of the relief better preserved and thus more representative of
factors and processes of soil formation. Several studies using hybrid
mapping methods at a detailed level are based on the variability of soil
attributes along the transect (Siqueira et al., 2015).

The uncertainty values were compared to the limits of the pre-
viously delineated mapping units. Subsequently, peak values of un-
certainty were identified close to the transitions between mapping units
(Fig. 1d). These peaks represent the point that populations have max-
imum heterogeneity and thus characterize the location with greater
probability to occur the transition between soil units. For a more con-
servative estimate of the transition location between units, a variation
of 10% of the peak value of uncertainty was taken into consideration to
delimit the uncertainty zones.

After identifying the limits of the uncertainty zones in the transect
previously delineated, these values were extrapolated to the transect
sides using the isolines of the spatial uncertainty maps. This procedure
allowed the improvement and readjustment of limits of the soil units
previously mapped, incorporating information on the spatial variability
of soil attributes and their spatial uncertainties.

3. Results and discussion

The median values of MS in the geology SG
(3074 × 10−8 m3 kg−1) are similar to those reported by Preetz et al.
(2008) for basic and ultrabasic rocks (Fig. 2). However, these authors
report MS values for sedimentary rocks below those found in this study
for AD (1138 × 10−8 m3 kg−1) and EDC (1219 × 10−8 m3 kg−1).
These high values of MS for AD and ECD are due to the sum of four
factors: (i) the presence of iron ions in the material that suffered
weathering and originated the depositional rocks; (ii) burning man-
agement of sugarcane during the previous cycles of the crop, favoring
the formation of magnetite and maghemite, which have high magnetic
potential (Schwertmann, 1985); (iii) entrainment of particles of the clay
fraction and very fine sand from the highest parts of the relief, where
the basalt soils (SG) can be found, to the lower parts (AD), promoting
the redistribution of soil maghemite and magnetite content (Jong et al.,
1998; Matias et al., 2014); and (iv) inefficient delineation of the
geology due to the map scale adopted (1:500,000), since areas be-
longing to the geology SG may have been wrongly classified as be-
longing to the geology AD.

The variability presented by MS in the geologies SG (CV = 81%)
and EDC (CV = 92%) when compared to the geology AD (CV = 58%)
is also an indicative of the detail level of the geological map and re-
distribution of soil maghemite and magnetite content. The lowest
variability found in the geology AD is due to its location, bordering the
geology ECD, which has similar characteristics. On the other hand, due
to the abrupt transition between the magmatic rocks (SG) and more
recent deposits (ECD), the variability of the limit indicated by the map
influences the CV values.

The boxplot graphics for clay content as a function of the geological

Fig. 1. Characterization of the study area. Location of the sampling area (a); geological map at scale 1:500,000; SG, Serra Geral Formation; ECD, Eluvial-Colluvial Deposit; AD, Alluvial
Deposit (b); geomorphometric map at scale 1:100,000; Cc, Concave landform; Cx, Convex landform (c); soil map at scale 1:12,000; LVAd (SiBCS: Latossolo Vermelho-Amarelo distrófico com
textura média; Soil Taxonomy: Typic Hapludox); LVd (SiBCS: Latossolo Vermelho distrófico com textura média; Soil Taxonomy: Typic Hapludox); LVdf (SiBCS: Latossolo Vermelho distroférrico
com textura argilosa; Soil Taxonomy: Typic Hapludox); LVef (SiBCS: Latossolo Vermelho eutroférrico com textura argilosa; Soil Taxonomy: Typic Eutrudox); RQod (SiBCS: Neossolo
Quartzarênico órtico distrófico com textura arenosa; Soil Taxonomy: Typic Quartzipsamment)) (d); spatial distribution of the samples and transect (e).
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units (Fig. 2) present similar behavior to that reported for MS. The
median values of clay content for the geologies SG, AD and ECD were of
286, 279 and 328 g kg−1, respectively. Basalt-derived soils present
texture from clayey (350 g kg−1 < clay content< 600 g kg−1) to
very clayey (> 600 g kg−1), as sedimentary rocks-derived soils may
present texture from sandy (< 150 g kg−1) to very clayey
(> 600 g kg−1) (Prado, 2013). The presence of clay content< 350
g kg−1 in an area delineated belonging to basalt indicates the influence
of little detailed scale of the geological map (1:500,000).

The geomorphological compartments also influenced MS values and
clay content (Fig. 2). The MS shows median values of 2878 and
995 × 10−8 m3 kg−1 for the surfaces Cx and Cc, respectively. In its

turn, clay content present median values of 358 and 273 g kg−1 for Cx
and Cc, respectively. The geomorphological compartments have in-
direct influence on the values of MS (Sarmast et al., 2017) and clay
content, since they influence the transport of particles in the directions
horizontal, via runoff (Matias et al., 2014), and vertical, by lessivage
(Hanesch and Scholger, 2005). Allied to this, the geomorphological
compartments also change the water dynamics in the system, altering
processes of oxidation and reduction responsible by minerals neo-
formation with higher or lower magnetic potential (Jong et al., 2000).
However, in this study the values of MS and clay content can be ex-
plained due to the greater localization of Cx surface on the geology SG.
In geological transition regions, the parent material acts as the main
influential factor in the MS values, since it controls the content of pri-
mary minerals resistant to weathering and those that remain in the soil
(e.g. magnetite). Furthermore, the parent material coordinate the
availability of iron in the soil, which will affect the neoformation of
other minerals with magnetic expression (Hanesch and Scholger, 2005).

When stratifying the values of MS and clay content as a function of
soil mapping units identified in the area, outlier values are observed in
five soil units for MS and three soil units for clay content (Fig. 2).
Outlier values are indicative of the presence of points that are not part
of the same population of data than the others. The removal of outlier
values is a common procedure adopted in estimating protocols of soil
parameters (Batjes, 2002). However, the presence of these values can
be related to the concept of taxadjunt. In this concept, pedons that do
not fall into a particular taxon, but have similar characteristics in their
morphology, composition and management recommendations can be
grouped in the same soil class, since it does not exceed the ratio of 20 to
30% of pedons identified in the area (USDA, 1999).

In several soil units there is a strong vertical variation of soil attri-
butes, thus the 0–0.25 m depth not always could be representative of
the all soil layers (Fekiacova et al., 2013). This vertical variation can be
characteristics of the soil unit or originated from translocations of
materials in sloping areas due to erosion. Thus, the topsoil layer may
not be homogeneous with the rest of soil profile and may not be re-
presentative of soil units. However, the Oxisols, mainly the ones ori-
ginated from Basalt, has low vertical variation. Thus, samples collected
at 0–0.25 m depth may be representative of the deeper layers in these
soils. Siqueira et al. (2014), in an adjacent area presented in this study,
verified that the spatial pattern of MS and clay content at 0–0.25 m and
0.25–0.50 m depth are similar. Also, Matias et al. (2013) evaluating the
vertical variation of MS and clay content in Latossolo Vermelho Amarelo
(Typic Hapludox) and Latossolo Vermelho (Typic Hapludox) verified a
low variation in their contents up to 2.3 m depth.

Considering the low vertical variation of diagnostic attributes in
Oxisols (Costa et al., 1999), we may infer that the presented values of
MS and clay content partially have representativeness of pedological
horizons. Thus, the knowledge of the horizontal variation in surface
horizons for these soils may indicate locations with greater or lesser
predisposition to taxadjunt.

When localizing spatially the outlier values previously identified in

Fig. 2. Boxplot graphics of the values of magnetic susceptibility (MS) (×10−8 m3 kg−1)
and clay content (g kg−1) according to the geology (SG, Serra Geral Formation; ECD,
Eluvial-Colluvial Deposit; AD, Alluvial Deposit), geomorphology (Cc, concave landform;
Cx, Convex landform) and pedology (LVAd (SiBCS: Latossolo Vermelho-Amarelo distrófico
com textura média; Soil Taxonomy: Typic Hapludox); LVd (SiBCS: Latossolo Vermelho
distrófico com textura média; Soil Taxonomy: Typic Hapludox); LVdf (SiBCS: Latossolo
Vermelho distroférrico com textura argilosa; Soil Taxonomy: Typic Hapludox); LVef (SiBCS:
Latossolo Vermelho eutroférrico com textura argilosa; Soil Taxonomy: Typic Eutrudox);
RQod (SiBCS: Neossolo Quartzarênico órtico distrófico com textura arenosa; Soil Taxonomy:
Typic Quartzipsamment))). The lower and upper limits of the box indicates the first (Q1)
and third (Q3) quartile, respectively; the line within the box indicates the median of the
data; values higher than Q3 + 1.5 × (Q3 − Q1) and lower than Q1–1.5 × (Q3 − Q1)
are considered outliers, being identified by circles.

Fig. 3. Identification of outlier samples as a function
of soil type. (a) Outlier values for magnetic suscept-
ibility; (b) outlier values for clay content.
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Fig. 2, both the points highlighted for MS (Fig. 3a) and clay content
(Fig. 3b) are located mainly in the transition areas between soil units.
This fact may be an indicative of the influence of the soil mapping scale
(scale of 1:12,000), which although more detailed than the geological
map, it also presents problems in the delineation of the limits between
mapping units. The soil map is made by observation between the local
geological information and those from landscape (Hudson, 1992).
However, it does not provide information on the spatial variability of
soil attribute (Rogowski and Wolf, 1994). Thus, the accuracy in deli-
neating the mapping units may be affected. Information about the
presence of outlier values in the limits between soil mapping units are
indications that the spatial continuity of soil attributes should be con-
sidered (Siqueira et al., 2015) and can assist in refining the limit of
these units. However, more refined and robust approaches, such as
geostatistical analysis, should be preferred to incorporate such in-
formation in soil maps (Silva et al., 2014).

The estimates of parameters and models of variograms adjusted to
the values of MS and clay content were similar (Fig. 4). The similarity
between variograms reflects the high value of correlation (r = 0.92;
p < 0.01) found for the attributes and reported by other authors
(Siqueira et al., 2010). The spherical models, adjusted to both experi-
mental variograms, are used for attributes with abrupt changes in space
(Isaaks and Srivastava, 1989), which is the main model used to describe
the spatial distribution of soil attributes (Cambardella et al., 1994).

The estimates of the model parameters indicate that although low,
the value of C0 for MS (C0 = 0.001) was about 8 times lower than that
found for clay content (C0 = 0.008). The values of C0 consist of the sum
of variabilities due to measurement errors and that existent at a smaller
scale than the assessed (Isaaks and Srivastava, 1989). Thus, the larger
C0 to clay content may be related to errors in the procedures of particle
size analysis, which vary from 15 to 32% in Brazilian laboratories
(Cantarella et al., 2006). However, when estimating the degree of
spatial dependence (DSD = C0/(C0 + C1)), it is noteworthy that both
have strong spatial dependence (DSD ≤ 0.25) (Cambardella et al.,
1994), which is associated with intrinsic factors, such as parent mate-
rial, climate and relief.

The range values estimated for MS and clay content were of 2156.9
and 2053.4 m, respectively. The range values indicate the maximum
distance at which the samples present spatial dependence (Isaaks and
Srivastava, 1989) and are used as an indicative of the minimum spacing
for future sampling (Montanari et al., 2012; Marques Jr. et al., 2015).
Thus, spatial configurations for capturing MS and clay content that
include the spatial component should be similar (Siqueira et al., 2014).

The spatial patterns of mean estimates (E-type) of MS and clay
content, as well as the uncertainties present in such estimates are shown
in Fig. 5. It is observed similarities (r = 0.92; p < 0.001) between the
spatial patterns of MS (Fig. 5a) and clay content (Fig. 5b). In both at-
tributes, the highest values are presented in the upper right portion of
the study area, located mainly on the geology SG and convex surface. In
contrast, in the central portion of the area, located on the geology AD
and concave and convex surfaces, the highest values tend to be found

on the concave surface.
As discussed above, the parent material is the main influential factor

in the values of MS and clay content. However, when there is no var-
iation in the parent material, the landscape shapes begin to control the
values of these attributes (Hanesch and Scholger, 2005). Thus, the
transition between the influences of compartments in little detailed
scale to compartments in more detailed scales is clearly seen (Miller
et al., 2015). Models developed in little detailed scale involve geolo-
gical and climatic variations, as models for more detailed scales involve
mainly geomorphological information (Fürst et al., 2010). The isolines
direction of the spatial patterns of MS and clay content reinforces the
influence of geology and geomorphology in detailed mappings. It is
observed that both the average value and the uncertainty are parallel to
the geological limit with the basalt (upper portion of the area). In si-
milar geological environments (AD–ECD), the variability isolines re-
verse their direction and remain perpendicular to the geological tran-
sition with the basalt, but parallel to the Cx and Cc forms (central
portion of the area). This effect evidences that even little detailed
geological information may assist in understanding the variability in a
detailed manner in transition regions (Teixeira et al., 2017).

The uncertainties present in the estimates of MS (Fig. 5c) show a
positive correlation (r = 0.35; p < 0.001) with the spatial estimates of
MS values (Fig. 5a). On the other hand, there was no correlation
(r = 0.05) between the uncertainties of clay content (Fig. 5d) and its
estimates (Fig. 5b). The presence of this weak correlation for MS is
related to the strong positive skewness observed for the variable, as the
absence of correlation for clay content can be explained by the variable
distribution close to the normal (Fig. 2) (Castrignanò et al., 2008). The
relationship between the uncertainty and skewness of the variables is
due to the low probability (high uncertainty) to obtain high (positive
skewness) or low (negative skewness) estimated values.

Another factor that influences the uncertainty values is the sampling
density used (Grunwald et al., 2007). Thus, locations with lower sam-
pling density are supposed to show higher uncertainty in the estimates
(Delbari et al., 2009; Teixeira et al., 2012). Although in this study an
irregular sampling with slightly greater spacing in the central portion of
the area (173 m) in relation to the laterals (150 m) has been used, the
sampling effect was not observed. Thus, a third influential factor in the
spatial uncertainties (presence of transitions between compartments
with different variabilities) should be predominant in the study area.

Different geologies (Hanesch et al., 2007; Preetz et al., 2008),
landforms (Siqueira et al., 2010; Camargo et al., 2014) and soil units
(Hanesch and Scholger, 2005; Hanesch et al., 2007; Siqueira et al.,
2014) present different average values with different potential varia-
tion of soil attributes, mainly for those attributes covariatives of the
factors and processes of soil formation, such as MS and clay content.
Thus, when studying the uncertainties in an area with different com-
partments, each of them present a distinct global uncertainty related to
their natural variability (Castrignanò et al., 2008). However, in regions
with abrupt transitions between parent materials, landscape shapes
and/or contrasting soil units, as in this study, a greater uncertainty in

Fig. 4. Variogram models and parameters of magnetic
susceptibility (MS) (a) and clay content (b). (Sph, spherical
model; C0, nugget effect; C1, contribution; a, range (m);
RSS, residual sum of squares).

D.D.B. Teixeira et al. Catena 164 (2018) 79–87

83



the estimation of the intersection region of these compartments is ex-
pected. Thus, the compartments present in the area, and mainly the
transition between them, contemplate the third influential factor in the
spatial uncertainties.

The spatial patterns of the uncertainties of MS and clay content
presented high positive correlation (r = 0.706; p < 0.001), showing
that common factors (transition between compartments) are re-
sponsible for the intensity of uncertainties in both attributes. This as-
sociation can be attributed to soil weathering and the presence of iron
in the formation of the parent material, which favors the joint forma-
tion of the clay fraction and iron oxides with potential magnetic ex-
pression (Hanesch and Scholger, 2005). For both attributes, the regions
of greater uncertainties were those where were observed transitions
between geologies and landforms. These regions coincide with the
transition region between soil units (Fig. 1d). This is a first indication
that the uncertainties of covariatives attributes of factors and processes
of soil formation can be used to identify the limits between mapping
units (Odgers et al., 2015).

The mean (E-type) and uncertainties (standard deviation) values of
estimates in the delineated transect in the area are shown in Fig. 6. The
presence of peak values of the uncertainties of MS (Fig. 6a) and clay
content (Fig. 6b) in locations close to the transition region between
mapping units confirms the hypothesis that spatial uncertainties maps
can be used in delineating these units. Moreover, in general, the
average values of soil attributes close to these transitions have no
changes. Although the clay content is used as a diagnostic attribute of
soil, the limits used to define the units are arbitrary (Phillips, 2013),
showing no relation to the variability of each class or spatial continuity
of the attribute. On the other hand, the limits of uncertainties in-
corporate the inherent variability in each delineated mapping unit
(Odgers et al., 2015). In addition, other peaks are observed (Fig. 6), in
addition to the representative of the transition between soil units,
which could be used to refine the previously prepared map of soil units
and not only promote a readjusting of its limits.

The uncertainty values, expressed by the standard deviation of the
estimated values between the uncertainty zones, represent the inherent
uncertainty of each mapping unit. Units with greater uncertainty re-
quire more samples to their correct characterization and/or under-
standing of the phenomenon under study (Cambule et al., 2014;
Viscarra-Rossel et al., 2014; Silva et al., 2015; Odgers et al., 2015). The

clay contents present a greater variation of uncertainty within each unit
when compared to MS.

The amplitude of uncertainty zones found for MS were of 45 m
(LVef/LVd), 130 m (LVd/LVdf), 90 m (LVdf/LVd), 100 m (LVd/RQod),
210 m (RQod/LVd) and 100 m (LVd/LVAd). For clay content, the am-
plitudes of uncertainty zones were 70 m (LVef/LVd), 100 m (LVd/
LVdf), 60 m (LVdf/LVd), 130 m (LVd/RQod), 90 m (RQod/LVD) and
170 m (LVD/LVAd) (Fig. 6a and b). However, for both attributes stu-
died, these amplitudes have lateral variation (Fig. 7). Regions with
higher amplitude of uncertainties present higher probability of error in
delineating the perimeter and occurrence of taxadjunt. Regions with
geological and geomorphological transitions have higher amplitude due
to the greater environment complexity. These areas include the main
differences between the maps of mapping unit and uncertainty zones
proposed based on MS and clay content.

The uncertainty zones identified based on MS (Fig. 6a) include 3 of
the 6 transitions of soil units, being two (LVd/LVdf and LVdf/LVd)
present in soils under basalt. Uncertainty zones based on clay content
also include three transitions between soil units, with two (LVd/RQod
and LVd/LVad) present in soils on depositional parent material (Allu-
vial Deposit). Thus, in regions under basalt, MS captures better the
transitions between soil units; on the other hand, in regions where the
soil has a depositional origin, the clay content presents results closer to
those delineated by the mapper. The clay content expresses the amount
present in the clay fraction; the MS, in its turn, can be considered a
quality measure of the clay fraction, since it is mainly a result of the
minerals present in this fraction (Siqueira et al., 2014).

Comparing the uncertainties zones of both attributes, their super-
position is noted. Thus, both attributes can be used to redefine or
identify the limits of the soil-mapping units. However, due to the ob-
tainment of MS be easy and quick, in addition not to generate chemical
residues during its determination (Dearing, 1994), it represents the
main option in determining the mapping units considering the spatial
uncertainty of the estimates.

The transition zones extrapolated laterally follow the same or-
ientation of the limits previously identified by the map of soil units
(Fig. 7). The main differences identified focus on increasing the area of
the unit LVef rather than the reduction of the soil unit LVd (upper
portion of the map) and the reduction of area represented by the soil
unit LVad. These changes are consistent with the presence of outlier

Fig. 5. Spatial pattern of mean estimates (E-type) of magnetic susceptibility (×10−8 m3 kg−1) (a) and clay content (g kg−1) (b); and spatial pattern of the uncertainties expressed by the
standard deviation of the estimates of magnetic susceptibility (×10−8 m3 kg−1) (c) and clay content (g kg−1) (d).
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values identified in each soil unit (Fig. 3). Thus, it is observed that with
the readaptation of the proposed limits based on the uncertainties, the
soil samples that presented outlier values have joined the adjacent soil
units or the uncertainty zone.

The delimitation of mapping units based on uncertainties allows the
identification of soils with greater or lesser uncertainty, assisting in
future studies about stratified planning of soil samples (Siqueira et al.,
2014). Regions with high amplitude of the uncertainty zone can be
sampled intensively aiming its reduction. However, it is noteworthy
that even after re-sampling, there will always be an uncertainty zone
due to the complexity of the environment in the regions of transition
between soil units, as reported by Bazaglia Filho et al. (2013) and Nanni
et al. (2014). The knowledge of uncertainties of soil attributes can also
be used to delineating management areas, being the areas belonging the
uncertainty zones used as areas of vehicular traffic and maneuvering,
thus avoiding the necessity of determining the management in highly
variable regions. The redefinition of agricultural plots based on the
variability and delineation of uncertainty ranges can improve the

operating capacity since the agricultural plot can be extended in the
direction of minimum variability and uncertainty, providing greater
efficiency during maneuver and reduction in the machine's route time.

The protocol developed in this study demonstrates the use of un-
certainties for readjusting the mapping units, since it is started from a
prior knowledge about a first approximation of the map of soil units
delineated in a conventional manner. However, this protocol can also
be used for the identification of mapping units in areas where there is
no prior knowledge. For this, after the determination of the un-
certainties present in the spatial estimates, the experienced mapper
could define the uncertainty lines corresponding to the transition zones
between the mapping units (Odgers et al., 2015). Once delineated, it
becomes possible to identify locations for the definition of modal
pedons related to each mapping unit. This approach allows the
economy of time and resources (Bazaglia Filho et al., 2013), often al-
lowing the mapping of large areas.

Another advantage of delimiting mapping units using the spatial
uncertainties of soil attributes is the incorporation of the spatial

Fig. 6. Values of uncertainties (standard deviation) (▬) and E-type estimates (means) ( ) along the transect sampling for magnetic susceptibility (MS) (×10−8 m3 kg−1) (a) and clay
content (g kg−1) (b). The solid red line ( ) indicates the limit between mapping units identified by means of the uncertainties; the red dashed line ( ) and the demarcated area in red
identify the uncertainty zone. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Map of mapping units proposed based on the un-
certainties of magnetic susceptibility (a) and clay content
(b). The dashed line ( ) indicates the limits between the
previously delineated units in a conventional manner.
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variability of soil attributes in the final map (Odgers et al., 2015; Silva
et al., 2015). In addition to present a lack of information on spatial
variability, soil maps also have a lack of information on temporal
variability of soil attributes (Rogowski and Wolf, 1994; Grunwald et al.,
2011). In this sense, the choice of the attribute for the delimitation of
mapping units can assist with this demand.

The electrical conductivity (EC) stands out as one of the attributes
most used to provide indirect information about others soil attributes
(Kelley et al., 2017). The main reasons for this are the high correlations
with the soil attributes and the ease in their determination, which allow
on-the-go measurement. However, the EC may present instabilities in
tropical soils, since it undergoes alterations in regions with high oxides
presence (Wu et al., 2008) and under conditions with great variation of
soil moisture. In turn, the MS does not present such instabilities,
showing itself as an option to delineate mapping units with different
patterns of variability (Siqueira et al., 2015). Although, there is still no
methodology for on-the-go determination of MS, there are field mea-
surement equipment, which can increase the efficiency and use of this
attribute.

The MS, in addition to present spatial variability, also presents
temporal variability (Maher et al., 2003). The temporal component is
related to two periods (Hanesch and Scholger, 2005): (i) short-term,
which is influenced by the transport of soil particles due to erosion or
lessivage and soil management, which may influence the neoformation
of minerals; and (ii) long-term, which is influenced by environmental
characteristics due to the dynamics of water in the system that influ-
ences the oxidation and reduction processes. On the other hand, the
clay content present only a short-term period component due to particle
entrainment. Thus, the incorporation of uncertainties from MS maps in
delineating soil-mapping units can meet the current needs of the re-
search area (Brevik et al., 2016), incorporating information on the
spatial and temporal variability of soil attributes in the delineation of
mapping units.

The Oxisols are present in about 11.8 million Km2 and they are
distributed mainly in the tropical regions (Eswaran and Reich, 2005),
where much of the agricultural production is concentrated. Thus, the
methodology developed in this study can be used in most agricultural
lands. In addition, Siqueira et al. (2014) identified 44,000 ha in São
Paulo State with the same characteristics of the study area, and the
transfer of technology to these areas is immediate. However, in regions
with other soil units, the developed methodology could also be used by
means of its adaptation to the collection and analysis of soil samples at
the appropriate depth to represent the soil diagnostic horizon.

4. Conclusions

The incorporation of information from uncertainty maps of MS and
clay content in delineating mapping units allows the incorporation of
information on spatial variability of soil attributes to the delineated
map. The use of uncertainties of both attributes result in similar map-
ping units. However, the easiness, quickness and low cost in obtaining
the magnetic susceptibility makes it to be the main alternative to the
incorporation of spatial uncertainty in maps of mapping units.

The protocol developed in this study, in addition to enable the in-
corporation of spatial components in delineating mapping units, allows
the identification of appropriate regions for determining the modal
pedon, regions with the highest requirement of sampling and definition
of management zones, identifying the most adequate areas for vehicle
traffic and maneuvers of agricultural machinery.
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